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ABSTRACT 
 
This work studies the chemical composition, physical make-up, and aging mechanisms of 
thermally-exposed and gamma-irradiated, commercial, cross-linked, polyethylene (XLPE) cable 
insulation material used in Nuclear Power Plants (NPPs), using various analytical characterization 
techniques. Understanding of cable aging behaviors is important for cable safety inspection, which 
is required as both routine inspection and in safety inspection in the process of extending the 
operating license of NPPs. The fillers and additives in the XLPE cable insulation materials were 
identified and quantified using scanning electron microscopy, energy dispersive X-ray 
spectroscopy, carbon-hydrogen elemental weight ratio tests, thermogravimetric analysis, and 
pyrolysis gas chromatography-mass spectroscopy. Laboratory-based accelerated aging 
experiments were designed and conducted for aging electrical cables, achieving 240 different 
aging conditions including thermal-only aging and simultaneous thermal and gamma radiation 
aging. Aging mechanisms of the XLPE cable insulation materials were studied, including 
discussion of the changes in antioxidant, flame retardants, and the XLPE polymer chains as the 
samples age. Additional analytical techniques used for studying the aging mechanisms included 
gel-fraction measurements, nuclear magnetic resonance spectroscopy, differential scanning 
calorimetry, permittivity and dielectric loss tangent measurements, and oxidation induction time 
measurements. A nondestructive aging indicator was identified, that is promising for future 
development of a nondestructive cable aging testing method.
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 CHAPTER 1. INTRODUCTION   
 General Introduction 
Nuclear power plants provided 11 % of the world’s electricity production in 2014. In 2016, 
13 countries relied on nuclear energy to supply at least one-quarter of their total electricity, and 
electricity provided from nuclear energy in the United States was estimated at 19.7 %, Table 1.1 
[1].  
As of February 2016, there were 61 commercially operating nuclear power plants (NPPs) 
in the United States, with 99 nuclear reactors in 30 states at an average age of 35 years [1-3]. These 
plants received an initial 40-year license to operate from the Nuclear Regulatory Commission 
(NRC). Prior to expiry of the original license period, operators are permitted to apply to the NRC 
for a 20-year license extension [1-3]. Eighty four of today’s 99 US operating reactors have received 
20-year license renewals to operate for a total of 60 years, and 13 other reactors have applied for 
or announced intentions to renew their licenses for another 20 years [1]. The license extension 
requires safety inspection of the plants, alongside which routine inspection is necessary for the 
safe operation of a nuclear power plant. 
Materials used in Nuclear Power Plant (NPP) containment buildings are of three main 
categories: concrete, metals, and cable insulation polymers. All of the materials suffer from 
degradation due to the harsh environmental conditions of high air temperature, high humidity, and 
radiation from the reactor core in NPP containment buildings. The degradation inspection of cable 
insulation polymers is of particular concern during routine safety inspection and license extension 
[4]. 
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Table 1.1 Percentage of electricity powered by nuclear energy of top 13 countries and United States [1]. Country Nuclear energy percentage (%) 
France 72.3 
Slovakia 54.1 
Ukraine 52.3 
Belgium 51.7 
Hungary 51.3 
Sweden 40.0 
Slovenia 35.2 
Bulgaria 35.0 
Switzerland 34.4 
Finland 33.7 
Armenia 31.4 
South Korea 30.3 
Czech Republic 29.4 
United States 19.7 
 Dissertation Organization 
Chapter 1 is the introduction. Chapter 2 describes the commercial cross-linked 
polyethylene (XLPE) NPP cable material studied in this work. Chapter 3 introduces the materials 
characterization methods. Chapter 4 discusses the identification and quantification of the 
composition of the studied material using various characterization techniques. Chapter 5 discusses 
the laboratory-based accelerated thermal and gamma radiation aging. Chapter 6 discusses the aging 
mechanisms. Chapter 7 discusses the nondestructive aging indicator of the polymer aging. Chapter 
8 gives the conclusion and future research direction. Following Chapter 8 is the Appendix 
summarizing my methods and procedure for the study of degradation and failure behaviors of 
polymers. 
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 Background and Literature Review 
Nuclear power plants produce electricity by boiling water into steam, the steam then turns 
turbines to produce electricity. NPPs obtain the heat needed to produce steam through a physical 
process called fission, which entails the splitting of atoms of uranium in a nuclear reactor. There 
are two types of reactors in NPPs in the United States, pressurized water reactor (PWR) and boiling 
water reactor (BWR). Approximately two-thirds of the reactors in the United States are PWR and 
one-third are BWR [5]. PWRs heat the water surrounding the nuclear fuel, but keep the water 
under pressure to prevent it from boiling. The hot water is then pumped from the reactor vessel to 
a steam generator, where the heat from the water is used to boil a second, separate supply of water 
and make steam. The steam spins the turbine, which drivers the generator and produces electricity, 
Figure 1.1 (a) [5]. BWRs boil the water surrounding the nuclear fuel, heating it directly into steam 
inside the reactor vessel. Pipes carry the steam directly to the turbine, which drives the generator 
and produces electricity, Figure 1.1 (b) [5]. 
During operation, the containment interior may experience temperatures as high as 100 °C 
[6], humidity conditions as high as 100 % [7], and gamma rays at an average energy of 7 MeV 
resulting from thermal fission of U-235 [8]. Detailed information about normal-service and hot-
spot conditions in NPP containments can be found in Table 1.2 [6, 9], and detailed information 
about the gamma ray energy released from per fission of the nuclear fuel of U-235 rods are 
provided in Table 1.3 [8].  
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(a)  
 
(b)  
Figure 1.1. NPP reactors (a) PWR and (b) BWR [5]. 
Cables are important components in NPPs. There are about 1,000 miles of cable in a 
Pressurized Water Reactor (PWR) containment building, and about 360 miles in a Boiling Water 
Reactor (BWR) containment building [10]. Over extended periods of service, the cable insulation 
and plastic jacket suffer from degradation due to the harsh environmental conditions, and may 
eventually fail due to the formation and propagation of microcracks through the material leading 
to large cracks. The cable is then no longer properly insulated and current-arcing may lead to loss 
of power or control function [11]. Degradation of the cable jacket and electrical insulation layer 
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has, therefore, been identified as a factor that potentially limits the ability of cables to operate 
beyond their initial design life. Polymers used for insulation and jacketing are the primary focus 
of cable-related long-term material operating concerns. According to [12], the most common cable 
insulation materials in US NPPs are cross-linked polyethylene (XLPE, 36 %) and ethylene-
propylene rubber (EPR, 36 %). In a typical plant, there are 61 % control cables, 20 % 
instrumentation cables, 13 % AC power cables, 5 % communication cables and 1 % DC power 
cables [13]. The instrumentation and control (I&C) system, of which the instrumentation and 
control cables are major constituent elements, serves as the "central nervous system" of a NPP 
[14], sensing basic physical parameters, monitoring performance, integrating information, and 
making automatic adjustments to plant operations as necessary. Critically, the system must be able 
to perform certain safety functions not only under normal circumstances but also following a 
design-basis-event in which large amounts of ionizing radiation are released. Therefore, aging of 
XLPE insulated control and instrumentation cables are of critical research. 
 
Table 1.2 Cable exposure group classifications and the corresponding conditions within NPP containment building [6, 9]. Group Hot-spot location region Temperature (°C) Radiation dose rate (Gy/h) Total 40-yr dose (kGy) A N/A ≤ 40 N/A ≤ 0.1 B N/A ≤ 50 N/A ≤ 50 
C (hot spots) 
Steam generator box 50 (max 100) 0.1 35.0 Primary loop 50 0.7 245.3 Drywell neck 100 ± 5 0.5 175.2 Primary steam relief valve 70 ± 5 0.01 3.5 Power range monitor 80 ± 5 0.24 84.1  
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Table 1.3 The average energy (MeV) produced per fission event of 235U by thermal neutrons. Note that some of the delayed energy emission is not recoverable either because the carrier particle does not interact with the surrounding medium (neutrinos) or because it is emitted at long times after the fission products are removed from a reactor core (delayed betas and gamma rays). It is the recoverable energy that is converted into thermal energy in a reactor core, which is subsequently used to produce electrical energy [8]. Timing Energy type Energy from Fission (MeV) Recoverable (MeV) 
Prompt (~ ns) 
Fission fragments, kinetic 168 168 Prompt fission neutrons, kinetic 5 5 Fission γ-rays, radiation 7 7 γ rays from neutron capture, radiation - 3-9 
Delayed (~ years) 
Fission product, β-decay 8 8 Fission product, γ-decay 7 7 Neutrino, kinetic 12 0  Total energy (MeV) 207 198-204  In the study of cable insulation degradation in the laboratory, it is normal practice to age 
samples at elevated temperature. A very common approach to predict cable insulation aging is the 
Arrhenius methodology [15], which requires that the temperature-dependent change in the 
dominant degradation mechanism is negligible. However, current research has suggested that, in 
most cases, the Arrhenius description of polymer aging over a wide temperature range is not valid. 
Considerable evidence has shown that, in some cases, polymer lifetimes in lower temperatures are 
overestimated by extrapolations from high temperature aging because of the complex nature of 
polymer degradation [16-20]. The differences between degradation by accelerated aging and actual 
aging have been investigated by many researchers and a great number of results have been reported 
[21-23]. Research has indicated that the polymer degradation has to do with many factors, 
including morphological features and their related transition temperature [24] diffusion-limited 
oxidation effects occurring at elevated temperatures [25-29], solubility and volatility of stabilizers 
[30-32], and some other kinetic heterogeneities [33, 34]. XLPE is a typical cable insulation that 
7  
 
shows non-Arrhenius behavior [20], and the major reason is, according to existing research [35-
40], that the degradation mechanism at temperatures above the melting point of XLPE is 
fundamentally different from the degradation mechanism at temperatures below its melting 
temperature. The melting point lies between 110 and 125 °C, corresponding to crystalline weight 
fraction between 50 and 100 %.  In other words, the temperature and the physical state of the 
polymer cannot be considered as two independent parameters. When the temperature rises and 
approaches the crystalline melting point, the crystallites gradually disappear and hence the degree 
of crystallinity of the polymer changes. Furthermore, the change in degree of crystallinity, i.e. the 
disappearance of crystallite, gives rise to further changes such as the reaction between free radicals 
and oxygen. For semi-crystalline polymers such as XLPE, free radicals in the amorphous regions 
have ready access to a number of chemical processes such as reaction with oxygen, inducing 
polymer degradation.  Within the crystalline regions, on the other hand, there exist free radicals 
that are firmly trapped there at low temperatures. When the temperature is increased, however, 
such radicals are released as the crystallites melt, becoming involved in a number of chemical 
reactions. Above and below the melting temperature, therefore, there are fundamental differences 
in the degradation mechanisms of XLPE. For these reasons, when studying the lifetime of semi-
crystalline cable insulation materials by aging at elevated temperature, the best practice is to 
choose aging temperatures below the melting point in order to obtain reliable lifetime prediction 
[20, 41]. 
Gases are usually evolved in polymer radiation-induced degradation processes. The 
composition of the evolved gases and their yields are closely related to whether oxygen is present 
or not, and to the molecular structure of polymer.  The gases produced by radiolysis have been 
widely studied for various polymer materials [42-44].  For XLPE, aged when oxygen is absent, 
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the gases yielded are mainly H2 and low-molecular-weight hydrocarbons such as CH4 and C3H8 
[45].  The yield of gas is usually much higher if the irradiation is carried out at higher temperatures 
and particularly if the polymer is irradiated above its glass transition temperature [46]. When 
oxygen is present during the aging process, however, H2O is the major evolved gas, followed by 
CO2 [47]. When bulky pieces of plastic are irradiated, some of the evolved gas is trapped in the 
polymer, producing internal pressure and resulting strain. This effect may contribute significantly 
to the loss of both mechanical and electrical performance. In some cases, the internal strain is 
sufficient to develop cracks in a plastic sample. 
When polymers are going through the degradation process, molecular changes take place, 
such as chain scission, chain cross-linking, depolymerization, and oxidation. Chain scission and 
chain cross-linking are essentially opposite processes but both may occur simultaneously in the 
same polymer. Whether a polymer undergoes cross-linking or chain scission under irradiation 
depends on which process dominates i.e. if cross-linking occurs at a higher yield than chain 
scission, the net result is cross-linking under irradiation; whereas if chain scission is dominant, the 
polymer degrades. Both processes depend largely on the presence of oxygen [48-51], and both are 
also temperature dependent. Joichi & Yoshitomo [48] studied the mechanical properties of 
polyethylene (PE) in both vacuum and air. When the PE samples were irradiated in vacuum, the 
tensile strength first increased by more than 100 % in response to a dose of around 1.2 MGy, after 
which it started to decrease.  When the PE samples were irradiated in air, however, the tensile 
strength decreased monotonically as radiation dose increased. In other words, polymers that 
predominantly cross-link when irradiated under vacuum or inert atmosphere may undergo chain 
scission-dominated degradation when irradiated in the presence of oxygen [49]. Such differences 
due to the presence of oxygen can translate into large macroscopic property changes [50, 51]. For 
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example, so-called ‘inverse temperature’ effects have been reported by a number of researchers 
[52, 53].  This term describes an observed phenomenon in which the degradation can be more 
rapid at lower temperatures. One explanation for the inverse temperature effect is that at high 
temperatures the chemical species produced by irradiation-induced chain scission can more easily 
react among themselves (cross-link), thereby reducing the content of free radicals in the polymer 
matrix and consequently reducing the extent of aging [40]. Studies have also shown that the gel 
fraction decreases in the region of oxidation and increases elsewhere [54, 55]. These facts indicate 
that the three-dimensional cross-linking of XLPE is reduced by chain scission in the presence of 
oxygen but the fraction of cross-linking increases when oxygen is absent. 
The activation energy of thermo-oxidative degradation changes over the range from 100 to 
120 °C for XLPE [56].  One reason is that, as mentioned above, the crystallinity and the crystallite 
size changes over this temperature range, leading to the release of free radicals when the 
temperature is in the vicinity of the polymer’s melting point. Additionally, the content of 
antioxidant decreases with aging time during accelerated aging, caused by evaporation in the case 
of thermal aging and by decomposition for radiation aging. Usually an abrupt decline in the 
mechanical properties takes place when the content of antioxidant decreases below a critical value 
[56-58]. 
Antioxidants are organic compounds and are of many species, which may be grouped 
together as phenol, amine, sulfur, and phosphine [59]. The antioxidant content in cable polymers 
formulation constitutes about 0.5 to 1.0 phr (parts per hundred resin) for crystalline polymers, and 
1.0 to 2.0 phr for rubbery polymers [58]. One mechanism by which antioxidants retard the 
degradation process has been suggested, by Conley [60] and Osawa [61], to be by chain reaction 
with peroxy radicals and hydro-peroxide.  In this scenario, the role of the antioxidant is the 
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termination of free radicals or the decomposition of hydro-peroxides in oxidized polymer chains.  
Recently, however, other researchers [45, 56, 58] studied sets of XLPE specimens containing 
different contents of a specific antioxidant.  They observed that the antioxidant was very effective 
as a stabilizer against thermal oxidation, but was not effective against radiation-induced oxidation. 
In contrast with the mechanism proposed earlier [60, 61], Seguchi et al. [56, 58] and Sugimoto et 
al. [62] proposed that, rather than the termination of free radicals such as peroxy radicals in 
polymer chains, the effect of antioxidant is the depression of initial radical formation in polymer 
chains by thermal activation. 
Cable insulation polymers are subjected in most practical cases to irradiation at dose rates 
of approximately 10-2 to 1 Gy/h at between 60 and 90 °C for a long period of time, usually 40 years 
and more [63]. Laboratory studies of radiation aging of polymers are usually conducted at elevated 
dose rates, however. Dose rate has a great influence on the extent of radiation-induced oxidative 
degradation due to both physical and chemical effects.  
One important physical effect of radiation dose rate is diffusion-limited oxidation, which 
takes place when degradation reactions occur faster than oxygen diffusion processes from the 
ambient air, such that the oxygen dissolved in the polymer cannot be readily replenished [49, 55, 
64].  In these circumstances, the concentration of oxygen in the polymer interior is reduced from 
its equilibrium value to lower or even non-existent levels. Apart from reducing the dose rate, two 
other approaches can be taken to help solve the problem of diffusion-limited oxidation due to high 
dose rate in accelerated aging experiments: thinner samples and/or higher oxygen pressures may 
be used. 
In their study of polyvinylchloride and polyethylene, Clough and Gillen [65] found that the 
thermal decomposition of hydroperoxides, a radiation oxidation product, can lead to an important 
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chemical dose-rate effect. Hydroperoxide breakdown gives free radicals (R) via chain branching, 
as shown schematically below: 
RO2H  RO + OH 
RO + RH  ROH + R 
OH + RH  H2O + R 
The free radicals (R) produced then reinitiate the sequence of scission and/or cross-
linking, as described in Section 3.3. Under long-term irradiation at low dose-rate conditions, this 
step is thought to contribute substantially or even dominate the direct action of the radiation as a 
source of free radicals [35, 65]. Under conditions of short-term, high-dose rate exposure, however, 
this hydroperoxide-mediated chain branching step may not emerge, even at the same total dose as 
in a long-term low dose-rate experiment. Physical effects of polymer aging that depend on 
radiation dose rate can be eliminated by the approaches mentioned above, but the chemical dose 
rate effect is hard to eliminate.  For this reason, the best practice is to use as low dose rate as 
possible to achieve the desired total dose, in an accelerated aging experiment. 
 
 Research Objectives 
1. Identification and quantification of the chemical composition 
There are various fillers and additives in the commercial XLPE cable insulation materials. The 
manufacturer was not able to release the detailed chemical composition information that is needed 
to conduct rigorous research on the material. The fillers and additives, therefore, in the studied 
cable insulation material were identified and quantified using a combination of various analytical 
techniques, including scanning electron microscopy, energy dispersive X-ray spectroscopy, 
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carbon-hydrogen elemental weight ratio tests, thermogravimetric analysis, and pyrolysis gas 
chromatography mass spectroscopy (Py-GCMS).  
2. Laboratory-based accelerated aging 
The laboratory-based accelerated aging of XLPE samples was performed to achieve 
thermal exposure, and simultaneous thermal and gamma radiation exposure, of cable material 
samples. About 240 different aging conditions were obtained at three different temperatures of 60, 
90, and 115 °C, at gamma radiation exposure doses of 0 to 320 kGy at various dose rates ranging 
from 0 to 540 Gy/h. 
3. Study of aging mechanisms 
Aging mechanisms of the XLPE cable insulation materials were studied, including 
discussion of the changes in antioxidant, flame retardants, and the XLPE polymer chains. 
Besides the analytical techniques mentioned in Section 1.4.1, additional techniques used in the 
study of aging mechanisms study included gel-fraction measurements, nuclear magnetic 
resonance spectroscopy, differential scanning calorimetry, permittivity and loss tangent 
measurements, and oxidation induction time measurements. 
4. Identification of a nondestructive aging indicator 
The dielectric properties of the insulation material were measured after samples were 
aged at various conditions.  Dielectric loss tangent was identified as a good indicator of aging, 
showing an increasing trend with higher gamma exposure dosage. 
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CHAPTER 2. MATERIALS 
 Three types of commercial filled XLPE are studied in this work: XLPE straws, XLPE wires 
and XLPE tapes. They are essentially of same chemical composition but different geometry. XLPE 
straws/wires are of cylindrical geometry, they were obtained from RSCC 2/C 16AWG cable 
(product code I46-0021), Figure 2.1 and Figure 2.2. XLPE straws refer to those whose conductors 
are pulled out. XLPE wires refer to those with their conductors intact. A limited quantity of XLPE 
tapes were acquired especially for the reason that it is difficult to conduct some material 
characterization measurements such as permittivity on cylindrical materials. Dimensional 
parameters of the XLPE tape are given in Figure 2.3. Figure 2.4 is a picture of XLPE straws, XLPE 
wires and a XLPE tape. 
 
  
 Figure 2.1. RSCC 2/C 16AWG cable (product code I46-0021).    
White XLPE insulator 
Grey XLPE Insulator Drain Wire Jacket 
Shield Conductor 
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 Figure 2.2. Cross section of the cable studied in this work.   
 Figure 2.3. Measured thickness profile of XLPE tape.  
White XLPE insulation 
Gray XLPE insulation 
Drain wire 
Conductor 
2 mm 
 Jacket 
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  Figure 2.4. XLPE tapes (left) and XLPE straws/wires (right). XLPE straws are those whose conductors are pulled out; XLPE wires have their conductors intact.    
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CHAPTER 3.  CHARACTERIZATION METHODS 
 A variety of characterization tests were performed on pristine and differently aged samples 
in order to 1) identify the composition of the studied material, 2) study the changes that happened 
during the accelerated aging process, to understand the aging mechanisms, and 3) find 
nondestructive aging indicators for the studied material. The characterization methods include 
scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), 
thermogravimetric analysis (TGA), pyrolysis gas chromatography mass spectroscopy (pyrolysis 
GCMS), carbon-hydrogen elemental weight ratio test, differential scanning calorimetry (DSC), 
nuclear magnetic resonance spectroscopy (NMR), gel-fraction test, permittivity and dielectric loss 
measurements. 
 Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDX) 
The fracture surface of XLPE straw samples was examined by scanning electron 
microscopy (SEM) in conjunction with energy-dispersive x-ray spectrometry (EDS). Fracture 
surfaces were prepared by breaking an XLPE straw sample immediately after it was immersed in 
liquid nitrogen for 5 minutes. The surfaces were coated with 5 nm of iridium prior to examination. 
The fracture surface was then imaged using an FEI Quanta-FEG-250 SEM operated at 10 kV. The 
images displayed in this report were obtained with a backscattered electron detector. Energy 
dispersive X-ray spectroscopy (EDS) was used to collect elemental maps of typical regions at 
5000× magnification. The SEM was operated at 15 kV for this purpose. The elemental maps allow 
the chemical composition of the materials to be deduced.  
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 Thermogravimetric Analysis (TGA) 
Thermogravimetric analysis tests were performed using a NETZSCH STA449F1 
instrument.  Mass 5 ± 0.2 mg of pristine XLPE sample was heated to 800 °C at ramp rate 10 °C/min 
in flowing simulated air (20% oxygen and 80% nitrogen) at a flow rate of 20 mL/min. The purpose 
of TGA in the context of characterizing the pristine insulation material was to combust all organic 
components to determine the weight ratio of inorganic fillers in the material. 
 Pyrolysis Gas Chromatography Mass Spectrometry (Py-GCMS) 
The Waters® GCT Premier™ Mass Spectrometer is an accurate-mass time-of-flight (TOF) 
mass spectrometer coupled to an Agilent 6890 gas chromatograph (GC). The electron ionization 
(EI) source was used in this study. The Frontier 3030D sample introduction and furnace assembly 
is mounted on the back inlet of the GC.  For thermal desorption studies, the GC column used was 
a Restex Rxi-5HT, 30 m x 0.25 mm inner diameter x 0.25 m film thickness.  The carrier gas used 
for all measurements was ultra-high purity helium. 
The brominated flame retardants present in the material-under-test are reactive compounds 
that interact with the surface of deactivated stainless steel sample cups, causing poor 
reproducibility. It is necessary to use deactivated glass sample cups. The type ‘Eco-Cup G’ from 
Frontier Lab was used.  
An evolved gas analysis (EGA) test was conducted to determine the evolved temperature 
profile of each component in the material. The GC column was replaced with a two-meter-long 
deactivated Silcosteel transfer line for the EGA tests. The GC oven was held at 320 °C.  A thin 
slice of sample (0.5 mg ± 0.02) was cut from the cross section of the insulation material and placed 
into the sample cup. The sample cup was then loaded into the pyrolyzer. The pyrolyzer was held 
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at 80 °C for 2 min, followed by a temperature ramp up to 800 °C at 20 °C/min. The mass 
spectrometer total-ion-current (TIC) versus temperature profile of the test material was recorded 
during the EGA test. When designing a temperature program to quantitatively study the 
antioxidant in pristine and differently aged materials, the goal is to make sure that all the 
antioxidant evolves out of the test sample while minimizing the pyrolyzates of brominated flame 
retardants and XLPE polymer matrix.  This minimizes the contamination of the instrument system 
and maximizes the signal-to-noise ratio for antioxidants. According to the EGA test, 320 °C 
(holding for 5 min) was the optimal temperature at which all the antioxidant evolves out of the test 
piece while the flame retardants and XLPE polymer matrix have not yet reached their significant 
evolving temperatures.  From the TIC versus temperature data, multiple accurate masses were 
extracted from the TIC data to profile the desorption and pyrolysis of the various components 
under study. 
Thermal desorption (TD) tests were conducted on pristine and differently aged materials 
using the GC column discussed previously. For accurate quantification of the antioxidant in each 
sample, the internal standard of 2,5-bis-2-(5-tert-butylbenzoxazolyl)thiophene (BBOT) was used. 
BBOT was dissolved in acetone at a concentration of 5.5 mg/100 mL. First, 3 μL of BBOT solution 
was injected into the sample cup. Then a thin slice of sample (0.260 ± 0.009 mg) cut from the cross 
section of the insulation material was placed into the sample cup after the BBOT solution had 
evaporated. The sample cup was then loaded into the pyrolyzer. The pyrolyzer was held at 80 °C 
for 2 min, followed by a temperature ramp up to 320 °C at 20 °C/min. The pyrolyzer was then held 
at 320 °C for 5 min, according to the EGA test result discussed in the previous paragraph. The GC 
column was held at 40 °C for 5 min, followed by a temperature ramp up to 320 °C at 20 °C/min, 
holding there for 10 min.   
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The uncertainty of the TD GCMS measurements was estimated by running five replicates 
on pristine samples with BBOT as the internal standard. The single ion chromatograms peak areas 
were used to quantify the studied compounds. The average internal-standard-corrected antioxidant 
peak area of pristine material is 997, with a standard deviation of 65.6, which gives an uncertainty 
of 6.6 %, Table 3.1. Given the consideration of the large number of samples tested in this study, it 
was not realistic to run five replicates on each sample. Therefore, two replicates were measured 
on aged samples. A third replicate was measured when the standard deviation of the measured 
values on the two replicates was more than 6.6 %.  
Table 3.1 Internal standard (I.S.) peak area, weight normalized (wt. norm.) antioxidant peak area, and weight normalized antioxidant peak area after correction by the I.S. of five pristine samples. Sample ID 1 2 3 4 5 Mean value Standard deviation Uncertainty (%) I.S. peak area (a.u.) 143 190 167 176 155 166 16.3 9.8 Wt. norm. antioxidant peak area (a.u.) 771 996 771 940 877 871 89.9 10.3 I.S. corrected antioxidant peak area 1024 996 877 1014 1075 997 65.6 6.6  
 Oxidation Induction Time (OIT) 
Oxidation induction methods are based on the detection of the oxidation exotherm that 
occurs when a sample is heated in the presence of oxygen. OIT tests were conducted using a TA 
Instruments Q2000 differential scanning calorimeter. Samples with mass 10.0 ± 0.5 mg were used 
in each test. The temperature program is shown in Figure 3.1. The DSC cell was heated at 15 
°C/min from 40 °C to 230 °C in nitrogen at a flow rate of 50 ml/min. When the specified 
temperature of 230 °C was reached, the specimen was held in nitrogen isothermally for 2 min, 
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after which the atmosphere was changed to oxygen maintained at the same flow rate. The specimen 
was then held isothermally at 230 °C until the oxidative reaction was observed on the thermal 
curve. The time interval from when the oxygen flow is first initiated to the onset time of the 
oxidative reaction is referred to as the oxidation induction time. The threshold is defined as 0.1 
W/g relative to (above) the baseline and the onset time of the oxidative reaction is defined by the 
intersection of the test curve with the threshold line, Figure 3.1. 
 Figure 3.1. Temperature and gas profile and corresponding heat flow of OIT measurement. The example heat flow curve shown here is for pristine XLPE sample material.  
 Carbon-Hydrogen (C-H) Elemental Weight Ratio Test 
Carbon-hydrogen weight ratio tests were performed using Perkin Elmer 2100 Series II 
CHN/S analyzer. The measurement of C-H weight ratio is to estimate the percentage of 
26  
 
polyethylene and other organic fillers in the material. This test was performed by Environmental 
Tucson Laboratory. 
 Differential Scanning Calorimetry 
Differential Scanning Calorimetry (DSC) is a thermo-analytical technique that records the 
thermo-transition within a temperature range and the amount of heat required/released in each 
transition. DSC Q2000 from TA Instrument was used to perform the test. DSC tests reported in 
this paper were conducted in nitrogen atmosphere. In each test, the following temperature cycle 
was used.  Mass 3 ± 0.1 mg of XLPE sample was heated from 20 °C to 160 °C at 10 °C/min and 
held isothermally at 160 °C for 2 minutes, after which the sample was cooled down from 160 °C 
to 20 °C at 10 °C/min, and held isothermally at 20 °C for 2 min. The sample was then heated back 
to 160 °C at 10 °C/min. 
 Nuclear Magnetic Resonance Spectroscopy (NMR) 
Solid-state nuclear magnetic resonance (SSNMR) is a technique that is particularly useful 
for analyzing polymer samples that are not soluble in organic solvent, or in scenarios where 
dissolution would significantly alter the physical properties of a sample. The MultiCP sequence 
(Johnson & Schmidt-Rohr, 2013) was developed in order to yield quantitative 13C spectra under 
cross-polarization conditions. MultiCP spectra are typically obtained with and without the spectral 
editing technique called gated decoupling. Gated decoupling eliminates the resonances of carbons 
strongly bonded to protons, and allows us to pinpoint the 13C resonances that arise from branched 
CH bonds in the polymer samples. Although methyl carbons are also bonded to protons, the rapid 
rotation of the methyl group results in a weak 13C-1H coupling, and the CH3 peaks also remain in 
a spectrum acquired under gated decoupling.  
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Solid state 13C NMR measurements of the pristine and degraded wire coating samples were 
performed on a Bruker Avance II spectrometer with a 14.1 T wide-bore magnet using a 4 mm 
triple resonance MAS (magic angle spinning) probe in double resonance mode. The samples were 
packed into 4 mm ziroconia rotors using a rubber funnel and packing tool. The intact wire coatings 
(both pristine and degraded) were cut into pieces approximately 3-4 mm in length. The rotor was 
fit with a Teflon block spacer, also approximately 4 mm in length, at the base of the rotor. The 
spacer was used to ensure that the sample was center-packed, which is a common strategy due to 
the fact that the radiofrequency coil in the NMR probe does not span the full length of the rotor. 
The intact wire coating sections were wrapped in Teflon tape in order to ensure that they fit snugly 
in the rotor and did not causing instability in the MAS spin rate. TopSpin 3.0 software was used 
for data acquisition and processing. The operating frequencies for 1H and 13C on this spectrometer 
are 600.13 MHz and 150.90 MHz, respectively. MultiCP spectra (Johnson & Schmidt-Rohr, 2013) 
spectra were obtained under MAS at 14 kHz, 1H SPINAL decoupling at 62 kHz, and stabilized at 
a temperature of 298 K. Spectra were typically acquired with 1536 scans and a recycle delay of 
eight seconds. The final spectra were indirectly referenced to the 1H spectrum of adamantane at 
1.82 ppm (Harris, et al 2001). Analysis and lineshape fitting of the spectra was conducted using 
MestreNova NMR analysis software.  
 Gel-fraction tests 
The gel fraction of a sample is a relative measurement of the crosslinking fraction of a 
polymer. A gel fraction value of 100% would correspond to a crosslinking with all polymer chains 
[1]. Gel fraction values less than 100% indicate that there is portion of the material that is not 
cross-linked. Gel fraction could increases or decrease with aging, as the aging process may be 
dominated by chain cross-linking or chain-scission process, respectively.  
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The gel fraction of a polymer was measured using a solvent incubation method similar to 
the ASTM standard [2], but at a smaller scale and without completely sealing incubation containers 
to avoid pressure build up hazard. Preconditioned specimens were immersed in xylenes (>99%) 
solvent. The weight ratio between the solvent and the XLPE sample was 200:1. Vials containing 
specimen and solvent were capped with spacers in order to create a reproducible seal during 
heating that avoided pressure buildup. Capped vials were heated at 110 °C on a hot plate, as seen 
in Figure 3.2, for 24 hours. After 24 hours, the vials were transferred to a heating mantle held at 
110 °C to maintain swollen specimen temperature during transfer. Once in the heating mantle, the 
septum cap was removed and the cable sample was transferred to a new tared vial using tweezers. 
Once sealed, the specimen and tared vial were allowed to cool to room temperature for 15 minutes 
before their mass was recorded. Mass values from three replicates were obtained to produce each 
data point. 
After measuring the weight of the capped vial containing the swollen specimen, the vial 
cap was removed and replaced with aluminum foil. The vial was placed inside an oven and held 
under vacuum at 100 °C for 24 hours. Following this 24 hour drying period, the specimen and vial 
were removed from the oven and the cap was replaced on the vial. The specimen and vial were 
allowed to cool to room temperature for 15 minutes before their mass was recorded. The mass of 
dried specimens was also determined independent of the tared vial they were dried in. The gel-
fraction tests were performed at Pacific Northwest National Laboratory. 
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Figure 3.2. Set up for gel-fraction measurements. 
 Permittivity and Dielectric Loss 
An Agilent 4980A LCR meter and Agilent 16451B dielectric test fixture, Figure 3.3 (a), 
were used to measure the permittivity and dissipation factor of the samples. A secondary electrode 
of 10 mm diameter was used, Figure 3.3 (b), to obtain the best possible signal-to-noise ratio for 
our sample size. The XLPE tape is not of uniform thickness varying in a range from 0.48 to 0.66 
mm. There exists a tradeoff between the choice of the secondary electrode area and the sample 
thickness uniformity. It is revealed in Figure 2.3 that the thickness drops less than 8 % when the 
distance is 5 mm away from the tape center, an electrode of 10 mm diameter was hence selected 
as a good compromise between the competing goals of increasing electrode area to improve signal-
to-noise ratio versus the need to maintain uniform sample thickness between the electrodes. Three 
measurements at different locations along the center of each tape were conducted to reduce 
measurement uncertainty, circled in blue in Figure 3.4. The same electrodes were used in all the 
following dielectric measurements. 
Capped vials 
Hot plate 
Timer 
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Figure 3.3. (left) Agilent 4980A LCR meter and Agilent 16451B dielectric test fixture; and (right) the 10-mm-diameter secondary electrode used for the permittivity and loss tangent measurements.  
 Figure 3.4. Three locations for permittivity measurement on XLPE tape.  
 
 References  
[1] Celina, M. & George, G. A., (1995). Characterisation and Degradation Studies of Peroxide and Silane Crosslinked Polyethylene. Polym. Degrad. Stab. 48, 297-312. 
[2] ASTM, (2011). Determination of Gel Content and Swell Ratio of Crosslinked Ethylene Plastics, Test Standard ASTM D2765-11, ASTM International.  
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CHAPTER 4. IDENTIFICATION OF MATERIAL COMPOSITION 
 Characterization Results on Pristine Material 
Figure 4.1 (a) is the SEM image of the fracture surface of the material. Elemental maps 
were collected for the same region of the material at the same time, Figure 4.1 (b). Brighter spots 
in an elemental map correspond to a greater concentration of that element. It is observed that there 
are fillers of various sizes in the material, and the fillers are composed of elements of Zn, S, Sb, 
O, and Br. In order to further identify the brominated component(s) and any other components that 
are not visible in the EDX maps, the studied material was pyrolyzed and the pyrolyzates were 
analyzed in a mass spectrometer. Figure 4.2 is the temperature profile of the evolved gas coming 
out of the sample in the temperature range of 80 – 800 °C. It is observed that within the studied 
temperature range, there were five featured signals/peaks in the signal intensity in the evolved gas 
analysis, marked by the arrows in Figure 4.2. For the convenience of the description, they were 
numbered as No 1, No 2, No 3, No 4 and No 5. Their corresponding mass spectrum was further 
analyzed to for the identification of the components, Figure 4.3. The NIST library installed in the 
data analysis software was used for the identification. No 1 was identified as 1,3,5-Triazine-
2,4,6(1H,3H,5H)-trione. No 2 and No 3 were identified as poly(1,2-dihydro-2,2,4-
trimethylquinoline) (pTMQ). No 4 was identified as polyethylene. No 5 was identified as mixture 
of brominated components, the brominated components were identified as C12H3Br5O, C12H2Br6O, 
C12HBr7O, C12H2Br8O, C12HBr9O and C12Br10O, as shown in Figure 4.3. The evolved temperature 
profiles of the six brominated compounds were obtained, Figure 4.4. It is observed in Figure 4.4 
that the brominated compounds can be grouped into two categories according to their evolving 
temperature profile. One category is shared by C12H3Br5O, C12H2Br6O and C12H2Br8O, these share 
the same evolving pattern in terms of evolving temperature. The other group is formed by 
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C12HBr7O, C12HBr9O and C12Br10O, these three share a different evolving temperature profile 
from the other category. Thermogravimetric analysis was used to estimate the weight ratio of the 
inorganic fillers in the material. Figure 4.5 is the TGA curve of the material, obtained in simulated 
air atmosphere. The TG curve is stable after about 600 °C with 17 % residue remaining, and the 
corresponding heat flow afterwards reaches zero. Figure 4.6 is the sum mass spectrum covering 
the full temperature range from 80 to 800 °C. It can be seen in Figure 4.6 that the signal intensity 
of the Octa-BDE and its decomposition products is almost equal to that of DBDE and its 
decomposition products, marked by black and blue arrows respectively, consistent with the color 
used in Figure 4.4. The carbon and hydrogen elemental weight ratios were measured to evaluate 
the percentage of XLPE polymer in the material. There was found to be 52.68 % ± 0.07 % of 
carbon and 8.6 % ± 0.1 % of hydrogen present. 
 Discussion on the Material Composition 
Identification and quantification of the chemical composition of the material is discussed. 
4.2.1. Identification of Components 
The polymer matrix of the material is XLPE. 
From EDX elemental analysis, Figure 4.1, it can be deduced that the fillers in the 
polyethylene matrix are ZnS, Sb2O3, and one or more brominated component(s). ZnS is often used 
as the white pigment in polymers [3].  
It was identified by applying the pyrolysis GCMS technique that the brominated 
compounds in Figure 4.1 are a group of brominated flame retardants. The brominated pyrolyzates 
detected were mainly C12H3Br5O, C12H2Br6O, C12H2Br8O (Octa-BDE), C12HBr7O, C12HBr9O, and 
C12Br10O (DBDE). Due to the fact that the brominated flame retardants are designed to decompose 
when heated [1], it is very likely that not all of the above listed brominated pyrolyzates exist in the 
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pristine material. Some of them could be molecules arising from decomposition of the original 
brominated compounds. Comparing the pyrolysis temperature profiles of the brominated 
pyrolyzates, Figure 4.4, C12H3Br5O, C12H2Br6O, and C12H2Br8O (Octa-BDE) show similar 
evolving temperature profiles, while C12HBr7O, C12HBr9O, and C12Br10O (DBDE) show other 
similar evolving temperature profiles. It is, therefore, speculated that C12H3Br5O and C12H2Br6O 
derive from the thermal decomposition of C12H2Br8O (Octa-BDE), while C12HBr7O and C12HBr9O 
derive from the thermal decomposition of C12Br10O (DBDE) and, further, that Octa-BDE and 
DBDE are the two brominated flame retardant compounds existing in the pristine material. 
Antimony oxide, Sb2O3, is often used together with brominated compounds as flame retardants, 
because they show a synergistic effect when used together [3]. 
Small amounts of 1,3,5-Triazine-2,4,6(1H,3H,5H)-trione and pTMQ were detected by 
pyrolysis GCMS as shown in Figure 4.2 and Figure 4.3. 1,3,5-Triazine-2,4,6(1H,3H,5H)-trione is 
often used as cross-linking agent for polyethylene [1].  Poly(1,2-dihydro-2,2,4-trimethylquinoline) 
is used as an antioxidant for polyethylene [1, 2].  
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 Figure 4.1. SEM-EDX images of the cross-section of pristine XLPE insulation material.  
 Figure 4.2. Evolved gas temperature profile of pristine XLPE. 
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 Figure 4.3. The mass spectra of peaks identified in Figure 4.2 evolved gas analysis. 
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 Figure 4.4. Evolving temperature profile of brominated compounds.  
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4.2.2. Quantification of Components 
Thermogravimetric analysis, Figure 4.5, shows that there is 17 wt% of  inorganic fillers in 
the material, identified as ZnS and Sb2O3 by EDX results. These inorganic fillers do not burn away 
when the material is heated up to 800 °C in air, remaining as residue following TGA testing.   
It is shown in the sum mass spectrum of Figure 4.6 that the signal strengths due to Octa-
BDE and DBDE are approximately equal. It is hence speculated that there are approximately equal 
amounts of Octa-BDE and DBDE in the studied material, assuming the mass spectrometry 
response factor of Octa-BDE and DBDE is the same. Further assuming that the polyethylene 
matrix takes ݔ %, Octa-BDE takes ݕ %, and DBDE takes ݕ % of the weight of the material, 
equations (4.1) and (4.2) can be solved to obtain ݔ and ݕ according to the carbon weight ratio.  
ଵଶ
ଵଷ.଼ ݔ + ଵସସଽହଽ.ଵ଻ ݕ +  ଵସସ଼଴ଵ.ଷ଼ ݕ + ଵସସଵ଻ଷ.ଶହ × 2 = 52.68                         (4.1)        
ݔ + 2ݕ + 17 + 2 = 100                                                               (4.2)  
Equations (4.3) and (4.4) can be solved to obtain ݔ and ݕ according to the hydrogen weight ratio. 
ଵ.଼
ଵଷ.଼ ݔ + ଶ଼଴ଵ.ଷ଼ ݕ + ଵହଵ଻ଷ.ଶହ × 2 = 8.55                                             (4.3) 
ݔ + 2ݕ + 17 + 2 = 100                                                                (4.4)  
 From equations (4.1) and (4.2), it is calculated that ݔ = 53 % and ݕ = 14 %. From equations 
(4.3) and (4.4), it is calculated that ݔ = 8 % and ݕ = 64 %. The average numbers of x and y are 
taken as the weight percentage of XLPE and brominated compounds in the pristine material, which 
gives approximately 60 % of polyethylene polymer matrix and 20 % of brominated flame 
retardants.  
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The weight ratio of 1,3,5-Triazine-2,4,6(1H,3H,5H)-trione is negligible. The weight 
percentage of pTMQ as antioxidant is assumed to be 2 %, which is the average quantity of 
antioxidant used in XLPE polymers [1].   
The identified components of the materials and their corresponding approximate quantities 
are summarized in Table 4.1. 
 
 Figure 4.5. Thermogravimetric curve and its 1st derivative curve of pristine XLPE material.  
39  
 
 Figure 4.6. Sum mass spectrum of the pyrolyzates evolved in the temperature range 80 – 800 ºC. Black arrows refer to Octa-BDE and its pyrolyzates, blue arrows refer to DBDE and its pyrolyzates.   Table 4.1 Summary of the identified components and their corresponding approximate weight ratio and function.  Approximate weight percentage (%) Function 
Cross-linked polyethylene 60 ± 8 Polymer matrix 
Octa-BDE (C12Br10O) 10 ± 4 
Flame retardants DBDE (C12H2Br8O) 10 ± 4 
Sb2O3  17 ZnS White pigment 
C12H15N 2 Antioxidant 1,3,5-Triazine-2,4,6(1H,3H,5H)-trione negligible Cross-linking agent (residue)  
4.3. References  
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[2] M. Ash, Handbook of Green Chemicals, Synapse Info Resources, 2004. 
[3] M. Sheridan, The Vanderbilt Rubber Handbook, R. T. Vanderbilt Company, Inc, Norwalk, CT, 2010. 
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CHAPTER 5. LABORATORY BASED ACCELERATED AGING 
 Simultaneous thermal and gamma radiation aging setup 
Simultaneous thermal and gamma radiation aging were achieved by using an oven to 
control the aging temperature while exposing the oven in the radioactive environment for gamma 
radiation. 
5.1.1. Oven 
A circulating air mechanical convection oven is used to control the aging temperature of 
the material. Three temperature monitors were placed at three different locations (front, center and 
back) of the oven. 
5.1.2. High Exposure Facility for Gamma Radiation Aging 
The high exposure facility (HEF) at Pacific Northwest National Laboratory is used for 
radiation exposure of samples in this research. It comprises a 15.2 m x 3.7 m x 3.7 m room with a 
connecting control room/entry way. The facility was formerly used for laboratory instrument 
calibration, dosimeter irradiation, and radiation biology research. A carousel under the floor of the 
HEF houses seven, NIST-traceable radiation sources: five Cs-137 sources and two Co-60 sources 
with activities ranging from 0.42 mCi to 5,000 Ci. When in use, a selected source is pneumatically 
raised from the carousel up to the aperture of a steel column, Figure 5.1, which is the exposure 
position. When a source is in the exposure position, a collimated gamma ray beam emerges through 
the aperture with a 30° collimator angle, centered 1.5 m above the floor. Photon exposure rates 
ranging from 30 nGy/h to 1,200 Gy/h are accessible based on sample position in the room relative 
to the source. A laser-guided positioning system is used to locate the center of the radiation source, 
providing for precise alignment of the samples with the radiation source, Figure 5.2. A video 
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display in the control room provides monitoring capability for instrumentation during irradiation 
and calibration. 
5.1.3. Simultaneous thermal and gamma radiation aging 
An illustration of the setup by which heat and gamma radiation can be applied 
simultaneously to the studied materials is given in Figure 5.3. The oven is used to host the samples 
and control the aging temperature, and is located adjacent to the radiation source so that the 
samples are exposed to gamma radiation as well. 
 
Figure 5.1. High exposure facility at Pacific Northwest National Laboratory (PNNL).  
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Figure 5.2. Laser positioning for the purpose of providing precise alignment of oven/sample positions.  
 
Figure 5.3. 3D model of the aging set-up.     
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 Aging parameters 
Aging temperatures, radiation source, radiation dose rate and total dose are discussed in 
this section. 
5.2.1. Aging Temperature 
The accelerated aging temperatures are determined with reference to the actual operation 
temperatures in NPP containment buildings. Since the aging mechanisms of polymeric insulation 
materials might change below and above their melting temperatures, the melting range of the 
material-under-test was determined by differential scanning calorimetry (DSC) to be from 95 to 
125 °C. Given the two factors of the actual service conditions in NPP containment and the melting 
temperature range of the studied material, temperatures of 60 and 90 °C were selected for 
laboratory-based accelerated aging of the XLPE considered here, with the expectation that samples 
aged at these temperatures would show aging mechanisms comparable to those observed in situ. 
Beyond that, for study of the possible different aging mechanisms when the material is in the 
melted state, an additional temperature of 115 °C was selected. 
5.2.2. Radiation source 
The radiation source selected was 60Co and its decay diagram is shown in Figure 5.4 [6]. 
In one 60Co decay event, two gamma rays are produced with energies 1.17 and 1.33 MeV, as well 
as one beta particle emitted with energy 318.2 keV. Beta particles do not travel very far in air and 
their effect on the samples is therefore not considered in this study. It should be noted that the 
gamma rays emitted in the decay of 60Co are of an average energy of 1.25 MeV, which is lower 
than the average gamma ray energy of 7 MeV emitted in the decay of nuclear fuel. 
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5.2.3. Radiation Dose Rates and Doses 
Based on the data given in Table 1.2 [1, 2], a dose range from 10 to 350 kGy was selected 
for the accelerated aging experiment and Table 5.1 summarizes the aging conditions applied to 
materials studied here. 
 
Figure 5.4. Radioactive decay diagram for 60Co, adapted from [3].  
Table 5.1 Aging parameters applied for accelerated aging of XLPE. Temperature (°C) 60, 90, 115 
Exposure time (days) 0, 5, 10, 15, 20, 25 
Gamma dose rate (Gy/hr) 0, 120 to 540 
Total dose (kGy) 0, 10 to 324 
 
5.2.4. Resulting Sample Set 
Eighty different aging conditions were achieved by one round of experiment, in which all 
samples were aged at the same temperature but exposed to different dose rates and total doses of 
gamma radiation. Following the illustration in Figure 5.3, specimens, Figure 5.5, were hung on a 
rack, Figure 5.6, and the rack was placed in the oven, Figure 5.7. The oven hosting the samples 
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was positioned in front of the aperture in the steal column, shown in Figure 5.1. Samples hung in 
different positions on the rack are located at different distances to the 60Co radiation source, 
corresponding to distinct gamma dose rates. 
  
Figure 5.5. XLPE sample materials with clips, ready for mounting on the rack.   
 
Figure 5.6. Samples mounted on the rack.  
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Figure 5.7. Rack mounted within the oven. 
 
 Uncertainty Analysis 
Considering the fact that radiation intensity falls off with inverse square of the distance 
from the radiation source, it is important for obtaining an accurate estimate of the dose rate and 
total dose received by each sample, that the distance from each sample to the radiation source is 
slightly different, even for samples on the same row in the oven. Further, over the 10 cm length of 
any one sample, there is some variation in radiation intensity along its length, for the same reason. 
The uncertainty in the dose rate at each sample, and hence in the total dose received by each sample 
caused by this factor and other factors, is analyzed as follows. 
The dose rates at five evenly distributed locations on each row were measured 
experimentally using an ion gauge in an empty oven. Using this measured data, the dose rate to 
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which the center of each sample is exposed was inferred by curve fitting to the measured dose 
rates. Along each sample, the dose rate distribution ܦ(ݖ) was then calculated by employing the 
distance to the radiation source and the dose rate at its center point. If ܦ(ݖ) is the dose rate 
distribution along a particular sample, then the average dose rate ܣ to that sample is calculated by 
evaluating integral equation (5.1), where ܮ represents the sample length.  
Dose rate distribution within the oven is displayed in Figure 5.8. It can be seen that at each 
row, the dose rate is higher in the center and lower at the edge of the rack. At each row, the average 
dose rate in the center is ܦ௠, and that at the edge is ܦ௘. ܴ is defined as the difference ratio between 
ܦ௠ and ܦ௘, equation (5.2). 
 
                                                           ܣ = ଵ௅ ׬ ܦ(ݖ)݀ݖ௅/ଶି௅/ଶ                                               (5.1)   
                                                             ܴ = ஽೐ି஽೘஽೘                                                           (5.2)  Take the first and 24th row as examples. For the first row, ܦ௠ = 533 Gy/h, ܦ௘  = 504 Gy/h, 
ܴ = 5.4. For the 24th row, ܦ௠ = 120 Gy/h, ܦ௘  = 118 Gy/h, ܴ = 1.7. Figure 5.9 shows the difference 
ratio ܴ  value for all 24 rows. Smaller difference ratio R indicates a more even dose rate distribution 
in a row. It can be seen from Figure 5.8 and Figure 5.9 that the dose rate difference decreases with 
increasing row number, that is, with further distance away from the radiation source. The exposure 
conditions achieved for the samples are listed in Table 5.2. 
Samples can be grouped in order to study the effect of either dose rate or total dose. For 
the purpose of studying the total dose effect, samples aged at the same temperature and same dose 
rate for different durations can be selected, as indicated by gray shading in Table 5.2, for example. 
For the purpose of studying the dose rate effect, samples aged at the same temperature and exposed 
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to the same total doses can be selected, as highlighted in bold font in Table 5.2, for example. Such 
comparisons can be made also at the different aging temperatures selected, to study the effect of 
temperature on sample aging. 
 Table 5.2 Eighty different gamma radiation aging conditions are achieved by one round of aging experiment. 
No. Row Dose Rate (Gy/h) 5 days 10 days 15 days 20 days 25 days Total Dose (kGy) 1 504-533 -- 121-128 181-192 -- 302-320 2 459-484 55-58 -- -- 221-233 276-291 3 424-445 51-53a 102-107b 153-160c 203-214d -- 4 388-406 47-49 -- 140-146 -- 233-244 5 361-377 43-45 87-90 130-136 173-181 -- 6 334-347 40-42 -- -- 160-167c 200-208d 7 306-318 37-38 73-76 110-114 147-152 184-191 8 288-298 35-36 -- 104-107b -- 173-179 9 269-278 32-33 -- -- 129-133 162-167c 10 251-258 30-31 60-62 90-93 120-124 -- 11 232-239 28-29 -- 83-86 -- 139-143 12 223-229 27 53-55a 80-82 107-110b -- 13 204-209 -- 49-50 73-75 -- 122-125 14 194-199 23-24 -- -- 93-96 117-119 15 185-189 -- 44-45 67-68 -- 111-113 16 175-179 21-22 -- 63-65 -- 105-108b 17 166-169 20 -- -- -- -- 18 156-159 19 -- -- -- -- 19 147-149 18 35-36 53-54 70-72 -- 20 137-139 16-17 33 49-50a 66-67 -- 21 127-130 15-16 -- -- 61-62 76-78 22 127-130 -- 31 46-47 -- 76-78 23 118-120 14 -- 42-43 -- 71-72 24 118-120 14 28-29 42-43 57a --     
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 Figure 5.8. Average dose rate distribution in the oven. The distance between Row 1 and 24 is 30 cm. 
 Figure 5.9. Difference ratio (ࡾ) between center average dose rate ࡰ࢓ and edge average dose rate ࡰࢋ of each row.   
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CHAPTER 6.  AGING MECHANISMS 
It has been identified that the main components of the commercial XLPE material are 
inorganic fillers of ZnS and Sb2O3, antioxidant of 1,3,5-Triazine-2,4,6(1H,3H,5H)-trione, 
brominated flame retardants of DBDE and Octa-BDE, and XLPE polymer, as discussed in Section 
4.2 of this thesis. The problem of understanding the aging mechanisms of the material can be 
approached as understanding the changes of 1) inorganic fillers, 2) antioxidant, 3) brominated 
flame retardants, 4) XLPE polymer, and 5) the material properties as a whole piece. No changes 
were expected for inorganic fillers. The subsections of this chapter discuss the changes of 
antioxidant, brominated flame retardants, XLPE polymer, and the material properties as a whole 
piece.  
 Characterization Results for Pristine and Aged Samples 
From the full set of 240 samples, 25 were selected for the study of aging mechanisms. The 
detailed aging conditions of the 25 selected samples are listed in Table 6.1. 
6.1.1. Quantitative Analysis of Changes in Antioxidant 
Figure 6.1 shows the evolved gas temperature profiles of a) the material as a whole, b) the 
XLPE polymer matrix, c) the brominated flame retardants, and d) the antioxidant. In Figure 6.1 a), 
it is shown that gases start to evolve from the test piece at around 150 °C, and this evolution 
continues until the ultimate temperature 800 °C of the designed pyrolyzer temperature program. 
Figure 6.1 b), c), and d) show that the XLPE polymer matrix starts to decompose between 300 and 
400 °C, with the majority of the polymer pyrolysis occurring between 400 and 500 °C. The 
brominated flame retardants show significant desorption and decomposition starting between 300 
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and 400 °C; and the decomposition of antioxidant pTMQ takes place mainly in the temperature 
range 200 to 350 °C.  
Table 6.1 Aging conditions under which the XLPE-based samples were prepared. Sample ID in the first column is a combination of aging temperature, aging duration, and radiation dose.  Sample ID Aging temperature (ºC) Aging duration (days) Radiation dose rate (Gy/h) Radiation dose (kGy) Pristine  Room temp storage 0 0 0 60C-15-0 60 15 0 0 60C-15-45 60 15 120 45 60C-15-110 60 15 300 110 60C-15-190 60 15 540 190 60C-25-0 60 25 0 0 60C-25-75 60 25 120 75 60C-25-180 60 25 300 180 60C-25-320 60 25 540 320  90C-15-0 90 15 0 0 90C-15-45 90 15 120 45 90C-15-110 90 15 300 110 90C-15-190 90 15 540 190 90C-25-0 90 25 0 0 90C-25-75 90 25 120 75 90C-25-180 90 25 300 180 90C-25-320 90 25 540 320  115C-15-0 115 15 0 0 115C-15-45 115 15 120 45 115C-15-110 115 15 300 110 115C-15-190 115 15 540 190 115C-25-0 115 25 0 0 115C-25-75 115 25 120 75 115C-25-180 115 25 300 180 115C-25-320 115 25 540 320  
Of the 25 samples studied in this work, the spectra of selected samples are displayed. Other 
spectra can be found in Appendix A. Figure 6.2 displays the mass spectra of samples that were 
aged at 60 °C for 15 days with gamma radiation exposure at doses of 0, 45, 110, and 190 kGy. 
Figure 6.3 displays the mass spectra of samples that were thermally-only aged for 15 days at three 
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different temperatures of 60, 90, and 115 °C. Main peaks of the antioxidant are marked with arrows 
in the spectrum of the pristine sample in Figure 6.2. It is observed that the height of antioxidant 
peaks decrease with increasing gamma radiation exposure and increasing aging temperature. Peak 
areas were calculated and the antioxidant quantity in pristine and different samples, normalized to 
the antioxidant content of the pristine sample, are plotted in Figure 6.4. At the same aging 
temperature, the antioxidant content decreases with higher gamma radiation dose. At the same 
radiation dose, the antioxidant content decreases with higher aging temperature. No dose rate effect 
was observed. The sample that was aged at 115 °C with exposure to gamma radiation at the dose 
of 190 kGy showed maximum depletion of 93 % in the quantity of antioxidant. The sample that 
was aged at 60 °C without gamma radiation showed minimum depletion of 7 % in the quantity of 
antioxidant. The depletion of antioxidant of other samples lies in between 7 % and 93 %. 
Figure 6.5 shows the measured OIT values of a sample subset. At the same aging 
temperature, the OIT decreases with higher gamma radiation dose. At the same radiation dose, 
OIT decreases with higher aging temperature. The sample that was aged at 115 °C with exposure 
to gamma radiation at the dose of 190 kGy showed the maximum reduction of 80 % in OIT. The 
sample that was aged at 60 °C without gamma radiation showed no reduction in OIT. Figure 6.6 
compares normalized antioxidant quantity and normalized OIT of the sample set. The trends of 
OIT and antioxidant quantity are well correlated, with calculated correlation coefficient 0.82. 
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 Figure 6.1. Evolved temperature profiles of major components in XLPE-based cable insulation material; a) evolved pyrolyzates from the whole sample piece; b) selected evolved pyrolyzates of XLPE polymer; c) evolved pyrolyzates from brominated flame retardants; and d) evolved pyrolyzates from antioxidant.   
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  Figure 6.2. Mass spectra of XLPE-based samples a) pristine, and those that have been simultaneously thermal and gamma radiation aged at 60 °C for 15 days, with gamma radiation exposure of b) 0, c) 45, d) 110, and e) 190 kGy. Main peaks of the antioxidant are marked with arrows in the spectrum of the pristine sample. Please note that the peak at retention time of ~ 11.5 min in spectrum (a) was identified to be cross-linking agent residue in the material. 
Main peaks of antioxidant 
56  
 
  Figure 6.3. Mass spectra of XLPE-based samples a) pristine, and those that have been thermally aged at b) 60, c) 90, and d) 115 °C for 15 days, without gamma irradiation. Please note that the peak at retention time of ~ 11.5 min in spectrum (a) was identified to be cross-linking agent residue in the material.  
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  Figure 6.4. Antioxidant quantity in pristine and aged XLPE-based samples, normalized to the value for the pristine sample (997 area units).    
 
Figure 6.5. OIT for pristine and aged XLPE-based samples, normalized to the value for the pristine samples (48.6 min). 
58  
 
 Figure 6.6. Comparison of OIT and antioxidant content normalized to respective values for the pristine sample.   
6.1.2. Changes in Brominated Flame Retardants 
Figure 6.7 and Figure 6.8 show the mass spectra of the pyrolyzates of pristine and 
differently aged samples within the retention time of 18 – 22 min. Signals within this retention 
time correspond to pyrolyzates of brominated flame retardants. Figure 6.7 shows the spectra of 
pristine and thermally-only aged samples at 60, 90, and 115 °C. No significant changes were 
observed for thermally aged samples, compared with the pristine sample. Figure 6.8 shows the 
spectra of pristine and samples aged by thermal and gamma radiation simultaneously. It is 
observed that with increasing gamma radiation exposure doses, the signal intensity between 18 – 
19 min increases, while that between 21 – 22 min drops.  
Figure 6.9 shows the NMR spectra within 100 – 120 ppm of three samples: pristine, 
thermally aged for 25 days at 90 °C, and thermally aged for 25 days at 90 °C with simultaneous 
gamma radiation (190 kGy). The peaks correspond to the carbon atoms of brominated compounds 
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in the material. No significant difference is observed between the spectrum of the pristine sample 
and that of thermally aged sample. When exposed to an additional gamma radiation dose of 190 
kGy, however, it is observed that the weight-normalized signal intensity increases.  
 
 
Figure 6.7. Mass spectra of pyrolyzates of pristine and thermally-only aged samples at temperatures 60, 90, and 115 °C within the retention time range 18 – 22 min. Red arrows are pointed to the peaks of interest for that they changed with gamma radiation exposure. 
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  Figure 6.8. Mass spectra of pyrolyzates of pristine and simultaneous thermal and gamma radiation aged samples at 90 °C and various radiation doses within the retention time range 18 – 22 min. 
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Figure 6.9. 13-C Solid State NMR at ppm of 100 – 120. Peaks at 112 ppm correspond to carbon signals in brominated compounds.   
6.1.3. Changes in Cross-linked Polyethylene Polymer 
Figure 6.10 (a) shows the cooling DSC curves, and (b) the re-heating curves, of a pristine 
sample and some aged at 90 C and various radiation dose rates. No changes in the DSC curves 
were observed for thermally-only aged samples compared with the pristine sample. When gamma 
radiation was present, however, the re-crystallization and the melting features shift to lower 
temperatures. At the same temperature and same dose rates, the features shift to lower temperatures 
when aged for longer duration, corresponding to higher total doses. Samples that were aged at 60 
C and 115 C show similar trends as those aged at 90 C.  Their DSC curves are not shown in 
detail here but are included in Appendix A, therefore. Selected curves for sample aged at 60 C 
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and 115 C are presented for the purpose of comparing the effect of different aging temperatures, 
as shown in Figure 6.11. When the sample was thermally aged without gamma radiation, no 
changes in the DSC curves were observed, for all three aging temperatures, compared with that of 
pristine sample. When the samples were exposed to gamma radiation, at all three temperatures the 
re-crystallization and melting features shift to lower temperatures. The maximum temperature shift 
takes place for the recrystallization feature of the sample that was aged for 25 days at 540 Gy/h, 
with a shift of 7.3 C. 
Figure 6.12 shows the results of the gel fraction measurements for differently-aged 
samples. For samples that were aged at 60 C, the gel-fraction value drops compared to that of the 
pristine material. For samples that were aged at 90 C and 115 C, an increase in gel-fraction value 
is observed, and the 115 C aged samples show a higher increase. It is also observed that for 
samples aged at 60 and 90 C samples, the gel-fraction values show a declining trend when the 
gamma exposure dose is high, that is, the gel-fraction value of samples that were exposed to 
gamma radiation for 190 kGy decrease compared to that of samples with gamma exposure of 110 
kGy. 
Figure 6.13 shows the NMR spectra in the range 25 – 40 ppm for a pristine sample, a 
sample aged for 25 days at 90 °C, and one aged for 25 days with simultaneous thermal (90 °C) and 
gamma radiation (190 kGy) exposure. The peaks correspond to the carbon atoms of the XLPE 
polymer. No significant difference is observed between the NMR spectrum of the pristine sample 
and that of thermally aged sample. When exposed to gamma radiation for 190 kGy, however, it is 
observed that the weight-normalized signal intensity decreases.  
63  
 
        (a)                                                           (b) Figure 6.10. DSC curves of samples that were aged at 90 C for different durations and at different dose rates. In (a) are the cooling DSC curves and in (b) are re-heating DSC curves. Those that were aged at 60 °C and 115 °C show the same changing trends and therefore the plots are not displayed here, they can be found in Appendix A. 
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                                               (a)                                                             (b) 
    (c)                                                               (d) 
Figure 6.11. DSC curves of samples that were aged for 25 days at three temperatures of 60, 90 and 115 C, without and with (540 Gy/h) gamma radiation. In (a) and (b) are the cooling and re-heating DSC curves of samples without gamma radiation exposure, respectively. In (c) and (d) are the cooling and re-heating DSC curves of samples exposed to gamma radiation at 540 Gy/h for 25 days, respectively.   
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 Figure 6.12. Gel-fraction percentage of pristine and differently aged XLPE samples.  
 Figure 6.13. 13 C Solid State NMR at ppm of 25 – 40, the peaks correspond to carbon signals of XLPE polymer chains.   
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 Discussion on Aging Mechanisms 
Generally speaking, the depletion of antioxidant may be caused by evaporation, 
sublimation, and chemical reactions with free radicals. Prior to further discussion on how and why 
the change in antioxidant pTMQ varied in differently applied aging conditions, the possible 
chemical reaction mechanisms of pTMQ with free radicals generated in the aging process is 
proposed. Equations (6.1) to (6.4) show one possible chain of reactions that may take place in the 
polymer degradation process without the involvement of antioxidant [1]. Bond scission causes the 
generation of free radicals R, as shown in equation (6.1), which, in the presence of oxygen, react 
to produce further unstable free radicals as the oxidation process propagates in the polymer, as 
shown in equations (6.2), (6.3), and (6.4). The process in equation (6.1) is termed the degradation 
initiation, and the following reaction processes describe degradation propagation. Degradation 
propagation processes take place at a much faster rate than degradation initiation [1]. In the 
presence of antioxidant, it is speculated that the generated free radicals react with the antioxidant, 
as shown in equations (6.5) to (6.8). The majority of the free radicals generated in the degradation 
initiation stage may be consumed by the antioxidant so that the degradation process does not 
propagate as efficiently into additional degradation propagation stages, while antioxidant is 
present. The degradation process is therefore retarded significantly by the presence of antioxidant.  
When the studied materials are aged thermally, without gamma radiation, thermal 
fluctuations may be the main reason for the breaking of polymer C-C bonds. I speculate that the 
rate of generation of free radicals increases with increasing aging temperature. In the presence of 
gamma radiation, however, the rate of generation of free radicals is likely to be much higher due 
to the high photon energy of gamma radiation. The C-C bond energy is about 356 kJ/mol [2], and 
the photon energies from a Co-60 radiation source are 1.17 MeV (1.129 × 108 kJ/mol) and 1.33 
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MeV (1.283 × 108 kJ/mol) [3], which are capable of breaking the C-C bonds and generating free 
radicals. More importantly, the high energy photons generate secondary electrons which further 
break the polymer C-C bonds, producing more free radicals.  
The melting temperature of pTMQ lies in the range from 72 to 94 °C, and the boiling 
temperature is higher than 315 °C [4]. When thermal aging takes place at 60 °C, sublimation and 
rate-limited chemical reactions might take place, causing depletion by only 15% as observed in 
Figure 6.4. When thermal aging takes place at 90 and 115 °C, evaporation, sublimation and 
chemical reactions will take place simultaneously, causing a much faster depletion rate and 
explaining the observed depletion of approximately 60 and 70 %, in these cases respectively. 
Adding gamma radiation to the exposure environment causes the depletion of pTMQ to occur at a 
much faster rate, likely due to the faster generation of polymer free radicals.  
The measured values of OIT and antioxidant content plotted together in Figure 6.6 are well 
correlated, with calculated correlation coefficient 0.82, suggesting that OIT can be used as an 
indicator of the antioxidant depletion severity in XLPE based cable insulation materials. The 
absolute percentage values are different however, with the antioxidant quantity curve showing 
more pronounced changes with respect to aging conditions than the OIT curve.  This suggests that 
depletion of antioxidant may not be the only factor that contributes to the change in OIT in the 
studied material. 
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In Figure 6.7, the GCMS results show that, compared with the spectrum of pristine 
material, no significant differences were observed for the GCMS spectra within retention time of 
18 – 22 min for thermally aged samples. With the presence of gamma radiation, shown in Figure 
6.8, the peak intensity increases for smaller molecular weight brominated compounds while 
decreasing for larger molecular weight brominated compounds. This indicates that thermal aging 
at all three aging temperatures of 60, 90, and 115 C has little effect on the brominated flame 
retardants. When the material was under gamma radiation exposure, however, the larger 
brominated molecules were decomposed into smaller ones. Due to the fact that brominated flame 
retardants are designed to decompose during high temperature thermal exposure, and the sample 
is heated up to 320 °C in the furnace during GCMS tests, the pyrolyzates detected by the MS could 
be the original brominated compounds that exist in the material and/or the decomposed brominated 
compounds. It is, therefore, very difficult, if not impossible, to infer the accurate decomposition 
of the brominated compounds during the simultaneous thermal and gamma radiation exposure. 
Possible reactions are: 
 C12Br10O + 4H• → C12H2Br8O + 2HBr ↑                                                  (6.9) 
C12Br10O + 2H• + R• → C12H2Br8O + Br-R-Br                                        (6.10) 
C12Br10O + 2H• + R1• + R2•   → C12H2Br8O + R1-Br + R2-Br                 (6.11) 
As shown in Figure 6.10 and Figure 6.11, no changes in the re-crystallization and melting 
features for thermally aged samples were observed, indicating that no significant changes take 
place in the polymer structures when the samples are thermally aged under the applied three aging 
temperatures. When gamma radiation is present in the aging process, however, the melting of the 
re-crystallized crystals shifts to lower temperatures, compared with the re-crystallized crystals of 
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the pristine sample. This means that it is easier for the crystals to melt after being exposed to 
gamma radiation, which indicates that the crystals formed during the cooling process are “weaker” 
than in the pristine sample. It is likely that the crystals formed during the re-crystallization process 
are smaller and/or with more defects, indicating that the polymer chains are shorter and/or exhibit 
more irregular branching after exposure to gamma radiation [5].  
Generally, chain scission and chain branching take place simultaneously in polymer 
degradation processes. The overall effect depends on which process dominates. The gel-fraction 
results, consistent with DSC results, also indicate that no significant changes take place in the 
polymer structure when samples are thermally aged under the applied aging conditions. With 
exposure to gamma radiation, however, a chain scission process was dominant at the aging 
temperature of 60 °C, while a chain cross-linking process was slightly dominant at the aging 
temperature of 90 °C and more dominant at the aging temperature of 115 °C. At the lowest aging 
temperature of 60 °C, below the melting temperature range of the material, the polymer chains 
have less mobility and gamma radiation causes chain scission.  Likely due to the low mobility of 
the polymer chains, the re-crosslinking probability is low, resulting in the overall domination of 
chain scission. At temperature 90 °C, within the melting range of the material, the mobility of the 
polymer chains is increased. Once chain scission happens, the chains re-crosslink at a slightly 
higher rate resulting in an overall slight domination of chain cross-linking. The temperature 115 
°C is above the melting temperature range of the material, giving the polymer chains much more 
mobility, so that the re-crosslinking probability is greatly enhanced, resulting in the overall 
domination of chain cross-linking. With exposure to a high gamma radiation dose of 190 kGy at 
60 and 90 °C, the gel-fraction decreases compared to the lower gamma doses of 45 and 110 kGy, 
this indicates that when exposed to higher gamma doses, the chain scission process gets faster, 
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showing a trend to overcome the chain re-crosslinking. Within the scope of the applied aging 
conditions in this study, aging can be understood as competition between chain scission mainly 
caused by gamma radiation and chain re-crosslinking mainly determined by the chain mobility at 
a the particular aging temperature.  
The NMR spectra in Figure 6.13 reveal that the amount of carbon atoms in the XLPE 
polymer chains decreases after exposure to gamma radiation of 190 kGy. This indicates that there 
might be small molecules such as CH4 and C2H6 emitted during aging in the presence of gamma 
radiation. The decomposition of DBDE and Octa-BDE into smaller brominated compounds might 
also consume the carbon atoms from the polymer chain, as shown in the proposed reactions, 
equations (6..10) and (6.11).  This explanation is supported by the NMR spectra shown in Figure 
6.9 that there is an increase in the carbon quantity in brominated compounds when gamma 
radiation is present in the material aging process. 
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CHAPTER 7. NONDESTRUCTIVE TESTING INDICATORS OF AGING 
Figure 7.1 shows the permittivity and loss tangent spectra of samples aged at 90 °C. No 
trend with aging severity was observed in permittivity values, while at the same dose rate, loss 
tangent increases with increasing aging duration, corresponding to an increased gamma radiation 
exposure dosage. Figure 7.2 shows permittivity and loss tangent values of differently aged samples 
at 1 MHz. No trends are observed in permittivity, while an increase in loss tangent with the increase 
of gamma exposure dosage is clear. Loss tangent is, therefore, a promising non-destructive 
indicator of aging severity for XLPE cable insulators.  
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          (a)                                                                   (b) Figure 7.1. Relative permittivity (a) and loss tangent (b) of samples that were aged at 90 °C for different gamma doses. Those that were aged at 60 °C and 115 °C show the same changing trends and therefore the plots are not displayed here, they can be found in Appendix A. 
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         (a)                                                           (b) 
         (c)                                                           (d) 
    (e)                                                        (f) Figure 7.2. Relative permittivity (a, c, e) and loss tangent (b, d, f) values of differently aged XLPE insulation material at 1 MHz. 
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CHAPTER 8.  CONCLUSIONS AND FUTURE DIRECTION 
 
The composition of a commercially-available cross-linked polyethylene-based cable 
insulation material (RSCC 2/C 16AWG cable, product code I46-0021) has been studied, 
components identified and quantified. The material consists of about 60 % XLPE polymer, 10 % 
DBDE and 10 % Octa-BDE brominated flame retardants, 17 % ZnS and Sb2O3 inorganic 
compounds, and 2 % pTMQ antioxidant by weight. Laboratory-based thermal-only and 
simultaneous thermal and gamma radiation accelerated aging experiments have been performed, 
achieving about 240 different aging conditions. 
Correlation between the antioxidant quantity in the material and the oxidation induction 
time (OIT) of the material was made. For isothermal aging, the antioxidant quantity and OIT were 
observed to decrease with increasing gamma radiation dose. At fixed gamma radiation dose, they 
were observed to decrease with increasing aging temperature. The depletion of antioxidant 
quantity ranges from 7 % to 93 %, and the decrease of OIT ranges from 0 to 80 % for samples 
studied in this paper. The changes in the quantity of antioxidant in the material follow the same 
trend as the changes in OIT of the material when aged under various conditions, with a correlation 
coefficient of 0.82. It is concluded that OIT can be an effective indicator of the antioxidant 
depletion severity in XLPE based cable insulation materials, while depletion of antioxidant is not 
the only factor that contributes to the reduction in OIT of the studied material.  
The way in which the antioxidant slows down the degradation process of the polymer might 
be that antioxidant consumes the majority of the free radicals generated in the initial stages of 
degradation, so that the degradation propagation process is significantly reduced when antioxidant 
is present.  
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Within the scope of the applied aging conditions in this study, thermal-only aging did not 
cause significant changes in brominated flame retardants and XLPE polymer chains. Under the 
exposure to gamma radiation, however, the brominated flame retardants were decomposed into 
small brominated molecules.  
Chain scission dominates when the material is exposed to gamma radiation at 60 °C, 
whereas chain cross-linking dominates slightly when the material is exposed to gamma radiation 
at 90 °C, becoming more dominant when exposed to gamma radiation at 115 °C.  
Small gas molecules such as CH4 and C2H6 might be emitted during the aging process. For 
all aging temperatures in the presence of gamma radiation, the polymer chains were speculated to 
become shorter and/or with more irregular branching as a result of the radiation exposure.  
Dielectric loss tangent has been identified as an effective nondestructive aging indicator 
for the studied commercial XLPE material, since it increases with higher gamma radiation 
exposure dose.  
For future research, measurements of loss tangent can be made on samples in situ by means 
of a clamp capacitor adapted for the particular cable dimensions of interest, discussed in one of 
our previous publications [1]. The possibility of in situ monitoring by permanently-placed 
electrodes is one potential advantage of the capacitive sensing approach over other destructive 
and/or ex situ testing methods. 
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APPENDIX A. ADDITIONAL MATERIAL 
Due to the large sample set, not all data plots have been displayed in the main text. The 
ones that were not displayed in the main text are therefore given in this Appendix. Figure 9.1 
shows the full range mass spectra of the pyrolyzates of pristine samples and those aged at 60, 90, 
and 115 °C for 15 days. Figure 9.2 shows the full range mass spectra of the pyrolyzates of pristine 
samples and those aged at 60 °C without and with gamma radiation at various dose rates for 15 
days. Figure 9.3 shows the full range mass spectra of the pyrolyzates of pristine samples and those 
aged at 60, 90, and 115 °C for 25 days. Figure 9.4 shows the full range mass spectra of the 
pyrolyzates of pristine samples and those aged at 60 °C without and with gamma radiation at 
various dose rates for 25 days. Figure 9.5 shows the full range mass spectra of the pyrolyzates of 
pristine samples and those aged at 90 °C without and with gamma radiation at various dose rates 
for 25 days. Figure 9.6 shows the full range mass spectra of the pyrolyzates of pristine samples 
and those aged at 115 °C without and with gamma radiation at various dose rates 25 days. Figure 
9.7 shows the DSC curves of pristine samples and those that were aged at 60 °C for different 
durations and at different dose rates. Figure 9.8 shows the DSC curves of pristine samples and 
those that were aged at 115 °C for different durations and at different dose rates. Figure 9.9 shows 
the relative permittivity and loss tangent of pristine samples and those that were aged at 60 °C for 
different gamma doses. Figure 9.10 shows the relative permittivity and loss tangent of pristine 
samples and those that were aged at 115 °C for different gamma doses.   
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Figure 9.1. Full range mass spectra of pyrolyzates of pristine and 60, 90, and 115 °C thermally aged samples for 15 days.  
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 Figure 9.2. Full range mass spectra of pyrolyzates of pristine and 60 °C simultaneous thermal and gamma radiation aged samples for 15 days.  
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 Figure 9.3. Full range mass spectra of pyrolyzates of pristine and 60, 90, and 115 °C thermally aged samples for 25 days. 
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 Figure 9.4. Full range mass spectra of pyrolyzates of pristine and 60 °C simultaneous thermal and gamma radiation aged samples for 25 days. 
82  
 
 Figure 9.5. Full range mass spectra of pyrolyzates of pristine and 90 °C simultaneous thermal and gamma radiation aged samples for 25 days.  
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 Figure 9.6. Full range mass spectra of pyrolyzates of pristine and 115 °C simultaneous thermal and gamma radiation aged samples for 25 days. 
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    (a)                                                                      (b) Figure 9.7. DSC curves of samples that were aged at 60 C for different duration and at different dose rates. In (a) are the cooling DSC curves of differently aged samples. In (b) are the corresponding re-heating DSC curves. 
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          (a)                                                                      (b) Figure 9.8. DSC curves of samples that were aged at 115 C for different duration and at different dose rates. In (a) are the cooling DSC curves of differently aged samples. In (b) are the corresponding re-heating DSC curves. 
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            (a)                                                                       (b) Figure 9.9. Relative permittivity (a) and loss tangent (b) of samples that were aged at 60 °C for different gamma doses.  
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                                            (a)                                                                     (b) Figure 9.10. Relative permittivity (a) and loss tangent (b) of samples that were aged at 115 °C for different gamma doses. 
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APPENDIX B. METHODS AND PROCEDURES SUMMARY 
Appendix B summarizes the methods and procedures employed in this work of studying 
degradation and aging behaviors of polymers. These procedures may also be applied when 
studying degradation behaviors of other polymers. 
Step 1: Know the composition of the material 
If the material is purchased from a manufacturer, then very likely the manufacturer will not reveal 
the detailed material composition. In this case, it is necessary to determine the composition by 
analysis according to the following steps.  
1) Conduct SEM-EDX, FTIR, and TGA (in O2 atmosphere) tests on the material. The purpose 
of SEM-EDX is to get an idea of the morphology of, and elements in, the material. This 
test should be conducted on the fracture surface of the material, which can be obtained by 
breaking (not cutting with a knife) the material in liquid nitrogen. The purpose of FTIR is 
to get an idea of what types of bonding exist in the material. The purpose of a TGA test in 
oxygen atmosphere is to get an idea of what percentage of inorganic fillers are present in 
the material.  
2) After obtaining a rough idea of the material composition as described in step 1), run 
pyrolysis GCMS tests to obtain information about the organic additives in the material such 
as antioxidants, flame retardants, cross-linking agents, and so on. The other option, instead 
of pyrolyzing the material, is to extract the organic additives in solutions and run GCMS, 
LCMS or HPLC on the solutions. 
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Step 2: Perform accelerated aging on your material 
There are many types of accelerated aging, such as thermal aging, gamma radiation aging, 
moisture aging, cold weather aging, storm aging, etc. In this work, thermal and gamma radiation 
aging were applied. An oven was employed to control the thermal aging temperature, and the 
distance of the material from the radiation source controlled the radiation dose rate.  
There was one experiment not conducted in this work that the author thinks would be very 
beneficial: evolved gas analysis during aging. To achieve this, place the material in a head space, 
and put the head space in the accelerated aging environment. The aging temperature can be 
controlled using the head space. The head space will collect whatever gases evolve from the 
sample, and then the head space can be attached to GCMS after aging for analysis of the evolved 
gases. In this way, direct evidence can be obtained to prove if there is any evolved gas and, if there 
is, what types of gas evolved out of the sample during the applied aging process.  
Step 3: Study how the material changes after aging 
In Step 1, the composition of the studied material was obtained. For example, there are 
antioxidants, flame retardants, inorganic fillers, and XLPE polymer in the material studied in this 
work. The problem of “aging mechanisms” becomes  
1) how does the antioxidant change during aging,  
2) how do the flame retardants change during aging, 
3) how do inorganic fillers change during aging, and  
4) how does the XLPE polymer structure change during aging in terms of its 
a. crystallinity 
b. cross-linking, and 
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c. molecular weight 
If each individual question can be answered, then the complex research question of aging 
mechanisms can be solved, remembering that changes in any one component might couple with 
other changes occurring in the composite material.  To solve each individual question, the 
experience obtained from this piece of work is: 
1) use GCMS with an internal standard to do quantitative analysis to see how much 
antioxidant is present in pristine and differently-aged materials, or extract the chemical of 
interest into an appropriate solvent and conduct HPLC on the extraction solution, 
2) use GCMS, LCMS or NMR to analyze the changes in flame retardants, 
3) the inorganic fillers are unlikely to change in aging environments of interest, 
4) the changes in polymer matrix can be studied from three (or more) perspectives: 
a. use DSC to study how the crystallinity/crystals change. XRD is also a tool, but pay 
attention to the fact that when you have inorganic components in the material, the 
XRD signal intensity from the inorganics will be very strong so that the signal from 
the molecular structure is “invisible,” 
b. use NMR to study the degree of cross-linking changes with aging, 
c. GPC is a very good tool to study the molecular weight, but it is almost never 
applicable to polymers with large size particle fillers, because the fillers block the 
pores in the GPC column. If GPC does not work for the material, DMA or another 
rheology test method may be adopted to understand how the molecular weight 
changes with aging, 
d. as stated in Step 2, head space can be used to study if any gases evolve from the 
material during aging. 
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